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Sunday, February 3, 2013 97athe same bilayer leaflet may induce membrane deformations and trigger the for-
mation of internal vesicles. Both experiments and simulations allow us to gain
a deeper insight into the mechanism of vesicle formation by MGS, and poten-
tially by other monotopic proteins.
504-Pos Board B273
Identification of a Cholesterol Binding Pocket in Bacterial and Eukaryotic
Inward Rectifier KD (Kir) Channels
Nazzareno D’Avanzo1, Colin G. Nichols2.
1Universite´ de Montre´al, Montreal, QC, Canada, 2Washington Univesity
School of Medicine, St. Louis, MO, USA.
Cholesterol is the major sterol component of all mammalian plasma
membranes. Recent studies have shown that cholesterol inhibits both bacterial
(KirBac1.1 and KirBac3.1) and eukaryotic (Kir2.1) inward rectifier Kþ (Kir)
channels but the molecular basis of this interaction has yet to be determined.
Biophysical experiments show that lipid-sterol interactions are not enantiose-
lective, but only cholesterol and not the enantiomer of cholesterol (ent-choles-
terol) inhibits Kir and KirBac channel activity, implying that the effects of
cholesterol in both prokaryotic and eukaryotic channels must be due to direct
enantiospecific binding to the channel, and not indirect effects of changes to
the bilayer properties. Furthermore, conservation of the effect of cholesterol
among prokaryotic and eukaryotic Kir channels suggests an evolutionarily
conserved ‘‘cholesterol binding pocket’’. To identify potential sites, computa-
tional experiments were performed in which cholesterol was docked to atomic
structures of Kir2.2 (PDB: 3YJC) and KirBac1.1 (PDB: 3WLL) using Auto-
dock 4.2. Poses were assessed to ensure biologically relevant orientation and
then clustered according to location and orientation. Binding pockets that
interacted with cholesterol and ent-cholesterol were eliminated. Residues
identified as to solely interacting with cholesterol are being targeted for muta-
genesis studies using purified channels. These experiments will identify
a molecular basis for cholesterol-Kir channel interactions, and may provide
a ‘‘model binding site’’ that can be used to identify putative cholesterol pockets
in other channels.
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The recognition and binding of specific lipid species is critical for the cellular
targeting, folding and activity of various membrane-associated or peripherally
bound proteins. These interactions facilitate localization of the protein in
question in the proper membrane in the cell. In certain cases, binding to cho-
lesterol is thought to play a key role in the targeting of membrane-associated
proteins to cholesterol-rich membranes, and to laterally-segregated choles-
terol-enriched domains within the plasma membrane. Previous studies
have identified a cholesterol-binding motif that may be found in numerous
proteins. This relatively short cholesterol recognition/interaction amino acid
consensus (CRAC) is thought to enable tight cholesterol binding, both in a pro-
tein-context and in isolation. Experimental challenges have limited the avail-
ability of structural data on the molecular or biophysical nature of this
interaction. Using solid-state NMR (ssNMR), we explore the structural fea-
tures of this domain as found in the cholesterol-binding protein caveolin 1.
The use of ssNMR permits the study of this cholesterol-binding domain in
cholesterol-rich lipid bilayers designed to emulate native caveolar membranes.
Site-specific structural constraints were obtained for the bound protein frag-
ment, revealing a transition from an extended, b-stranded conformation to
an a-helical structure near the central Tyr residue characteristic of CRAC
motifs – consistent with certain pre-existing models of CRAC motif structure.
Furthermore, complementary static and magic-angle-spinning (MAS) NMR
measurements reveal the effects on lipid dynamics and indicate immersion
of the polypeptide into the membrane hydrophobic core. These structural
and motional data on both partners in this polypeptide-membrane interaction
provide an unprecedented site-specific perspective on a cholesterol-binding
CRAC motif.
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The pore forming alpha toxin from S.aureus is secreted by the bacterium as
a monomer and assembles up to heptameric oligomers on cellular und artificialmembranes, to yield a transmembrane pore. Interaction with artificial lipid
membranes requires the presence of a lipid with a phosphocholine headgroup,
namely sphingomyelin or phosphatidylcholine. Both represent the major frac-
tion of lipids in the outer plasma membrane: saturated sphingomyelin prefer-
ring the liquid ordered phase, and unsaturated phosphatidylcholine with
a preference for the liquid ordered phase. Employing liposomes we could
show that alpha toxin has a higher overall affinity for sphingomyelin compared
to phosphatidylcholine if the lipids are in the same phase. Preferred binding to
sphingomyelin usually is interpreted as a preference for rafts or domains in the
liquid ordered phase, especially if also binding is increased in presence of cho-
lesterol as is also the case for alpha toxin. However, this is not necessarily the
case. Alpha toxin preferentially interacts with lipids in the liquid disordered
phase as shown by fluorescence spectroscopy and microscopy. Since sphingo-
myelin is also present in the liquid disordered phase, albeit to a smaller extent
compared to the liquid ordered phase, binding could occur both to sphingomye-
lin or phosphatidylcholine. A further complexity is added by the observation
charged lipids further increase alpha toxin binding. Thus one can expect that
the partition coefficient of alpha toxin between liquid ordered and liquid disor-
dered phase is critically dependent on the detailed composition, and might very
well be shifted by presence of proteins as is the case in the cellular membranes,
without the need of any specific interaction between alpha toxin and the
protein.
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Although a wide variety of autophagy-related proteins can target the cup-like
autophagosomal isolation membrane, once the autophagosome closes only lipi-
dated Atg8 proteins remain associated with the outer surface. It is not yet
known what features of the isolation membrane distinguish it from the mature
autophagosome, but one possibility is that the highly curved rim of the cup is an
important marker for transiently-associated components of the autophagic ma-
chinery. Here we use a fully reconstituted in vitro assay of protein lipidation to
establish several first principles in the ubiquitin-like lipidation of Atg8. We
show that the E2-like enzyme, Atg3, is a membrane hydrophobicity sensor
and requires extensive exposure of the membrane hydrophobic core to facilitate
Atg3 function. This detection depends upon an amino-terminal ALPS-like am-
phipathic helix similar to motifs found on other proteins targeting highly curved
intracellular membranes. Indeed, in vitro Atg3 function is dramatically
increased on membranes exhibiting strident curvature. By tuning the amphipa-
thicity and hydrophobicity of the ALPS motif, we can promote or inhibit
LC3 lipidation both in vitro and in rescue experiments in Atg3 knockout cells,
implying a physiologic role for this sensing. The need for extensive hydropho-
bic membrane exposure suggests that Atg3 is designed to work at highly-
curved membranes perhaps including the limiting edge of the growing
phagophore.
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Ras is a lipid-anchored small molecule GTPase and an important signaling
node in mammalian cells. The dynamics of subcellular localization are a crucial
dimension of Ras signaling, observed as lateral partitioning and hierarchies of
lipid and protein interactions. H-Ras clustering in reconstituted bilayer systems
was studied using a combination of photon counting histogram (PCH) spectros-
copy, time-resolved anisotropy, and single molecule (SM) tracking. Lipid
anchor effects were specifically excluded by tethering the hypervariable region
(HVR) of H-Ras directly to membrane-miscible lipid tails in these bilayers.
Translational and rotational diffusion were characterized across a broad range
of surface densities. PCH revealed the H-Ras degree of clustering, which was
confirmed by SM tracking. Using these complementary spectroscopic tech-
niques, we calculated the dissociation constants of H-Ras in its nucleotide-
dependent active and inactive states. Strikingly, we identified a point mutation
that alters H-Ras clustering. We will present insight into the lipid membrane’s
98a Sunday, February 3, 2013role in this Ras oligomerization interaction, and discuss the implications for the
regulation of up- and downstream effectors.
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Viruses are intracellular parasites which utilize their host cell’s subcellular
machinery for their own replication by remodeling of the host’s intracellular
membranes. Lipids with phosphatidylinositol-4-phosphate (PI4P) head
groups have been found to be crucial for the formation of these replication
organelles in enteroviruses and flaviviruses. Lipid binding assays show
that poliovirus protease 3Cpro specifically binds to PI4P. Using NMR spec-
troscopy, binding with other phosphatidylinositol phosphates (PIPs) has been
detected and specific residues has been identified which exhibits chemical
shift changes upon binding with 3Cpro. PI3P, PI4P, and PI5P have been
found to exhibit similar chemical shift perturbation patterns upon binding
with 3Cpro. Our results indicate that a novel PIP binding site has been iden-
tified, with some residues exhibiting long range interactions (or a secondary
binding site).
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Many proteins are known to have strong binding preferences for curved lipid
bilayer surfaces. This property of proteins to sense membrane curvature has
a number of implications in cellular processes including endocytosis, exocyto-
sis, and vesicle trafficking as well as pathogenic processes associated with
viral infections or protein aggregation disorders. Here we employ small unila-
mellar vesicles (SUVs) that are sized by extrusion through nanoporous filters
as a model of convex membranes with accessible outer surface. For concave
structures we developed nanopore-confined tubular lipid bilayers with tunable
curvature radii ranging from ca. 40 to 250 nm. The nanotubular bilayers are
formed by lipid self-assembly inside cylindrical nanopores of anodic alumi-
num oxide (AAO). These systems impose essentially no restrictions on the
lipid composition and have the inner surface of negative curvature accessible
for solute molecules and peptide binding. Using these model structures we
show that the surface electrostatic potential of lipid bilayers is affected by
the curvature to a rather large degree. For example, for SUVs composed of
negatively charged lipids the magnitude of the surface potential increased
with bilayer bending from ca. 106 mV for 100 nm SUV to 166 mV for
30 nm SUVs. These measurements were carried out by spin probe EPR
method using recently synthesized lipids having pH-reporting nitroxides
covalently tethered to the lipid polar head. EPR titration experiments were
followed by the measurement of the lipid vesicle electrophoretic mobility
and peptide binding. Overall, the data indicate that the bilayer bending affects
the local electrostatic potential in a rather large degree providing a likely bio-
physical mechanism for affecting protein binding to lipid membranes without
adjusting lipid composition. Supported by U.S. DOE Contract DE-FG02-
02ER15354.
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Cellular membrane remodeling events such as mitochondrial dynamics, vesicle
budding and cell division rely on the large GTPases of the dynamin superfam-
ily. Dynamins have long been characterized as fission molecules; however, how
they mediate membrane fusion is largely unknown. Recently, we showed that
the mitochondrial dynamin Mgm1 can mediate fusion by first tethering oppos-
ing membranes and undergoing nucleotide-dependent structural transition.
However, it is still unclear how Mgm1 could act directly on the membrane
to drive the fusion of tethered membranes. Here, we show that Mgm1 binding
to the membrane could alter membrane topology and promote local membrane
bending. By atomic force microscopy, we showed that Mgm1 created rough-
ness and a tubulated structure on a supported lipid bilayer, and by monitoring
giant liposomes Mgm1 recruited on and deformed the liposomes. These datasuggest Mgm1 lipid interactions and changes in the protein/lipid complexes
could apply forces onto the membrane to possibly promote fusion of opposing
membrane. Together our data provide a possible mechanism of how Mgm1
mediates mitochondrial fusion and shed light onto how dynamins function as
fusion molecules.
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A host of membrane-binding proteins are responsible for dynamically remod-
eling cell membranes during vital cell processes, including endocytosis, exocy-
tosis, cell migration, and morphogenesis. Experiments show that the protein
exo70, a component of the exocyst, generates membrane protrusions on cell
surfaces. We employ coarse-grained molecular dynamics simulations to vali-
date confocal microscopy results which show that dimerization of exo70 is nec-
essary to induce sufficient curvature for tubular invaginations in synthetic
vesicles. These simulations provide mechanistic insight into the molecular de-
tails of membrane bending by exo70. Calculation of the local three-dimensional
stress tensor reveals the shape and depth of the resulting curvature field and this
parameter informs a mesoscale for membrane bending which includes the
anisotropy of the induced curvature field. We also probe the role of binding
to phosphatidylinositol (4,5)bisphosphate (PIP2), a key membrane constituent
which binds many other curvature-inducing proteins including epsin and the
Bin-Amphyphsin-Rvs (BAR) domains. PIP2 modulates a number of cellular
signaling pathways, and anchors curvature-inducing proteins to the membrane
via electrostatic interactions. Our simulations also validate experiments which
show that a double mutation of positively charged residues in exo70 disrupts
the binding to negatively charged PIP2, abolishing membrane binding and
the resulting tubular invaginations. These modeling methods are extended to
other curvature-inducing proteins, including the epsin N-terminal homology
domain (ENTH), which senses and drives membrane curvature during
clathrin-mediated endocytosis. Our simulations provide a link between detailed
all-atom simulations, which capture the physics of membrane-protein binding
and the role of PIP2, with mesoscopic models for membrane sculpting. These
simulations provide molecular details for membrane remodeling by exo70
observed by confocal microscopy in synthetic vesicles, and fluorescence
microscopy in live cells.
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Calcium controls a variety of cellular processes including muscle contraction,
cellular motility, and synaptic function. A key player in many of these signaling
events is the evolutionarily conserved Ca2þ sensor, calmodulin (CaM), a 148
amino acid protein consisting of four EF hand Ca2þ-binding domains arranged
as pairs in two globular domains (N- and C-lobe) connected by a flexible linker.
Though extensive work has investigated Ca2þ binding to CaM, published Ca2þ
association constants and cooperativity factors vary by several orders of mag-
nitude. Surprisingly little of this variability is attributable to differences in
experimental conditions. We have determined through simulations that macro-
scopic total binding curves are fundamentally insufficient to constrain a com-
plete, quantitative model of Ca2þ binding to CaM. To improve estimates of
Ca2þ affinity and cooperativity in binding to CaM we have conducted site-
specific binding measurements at each binding site. To detect metal occupancy
at individual sites, terbium (Tb3þ) ions, which have been shown to effectively
substitute for Ca2þ in activating CaM, are sensitized via energy transfer from
a minimally invasive tryptophan residue inserted in each EF hand. Through
competition experiments, both Ca2þ and Tb3þ association constants can be
determined. We have obtained site-specific Tb3þ binding isotherms at all
four sites in full CaM and measurements of Tb3þ binding and Ca2þ competition
in an isolated, N-lobe CaM fragment. These data suggest distinct Ca2þ and
Tb3þ affinities at each of the sites in the N-lobe CaM fragment and distinct
Tb3þ affinities at all four sites in full CaM. The additional information obtained
through site-specific binding measurements enhances estimates of Ca2þ affinity
and cooperativity in binding to CaM. This technique is powerful in its applica-
bility to a variety of EF-hand containing calcium-sensing proteins in isolation
or in complex with signaling partners.
